Hydrogen sulfide (H 2S), like nitric oxide (NO), causes smooth muscle relaxation, but unlike NO, does not stimulate soluble guanylyl cyclase (sGC) activity and generate cyclic guanosine 5=-monophosphate (cGMP). The aim of this study was to investigate the interplay between NO and H 2S in colonic smooth muscle. In colonic smooth muscle from rabbit, mouse, and human, L-cysteine, substrate of cystathionine-␥-lyase (CSE), or NaHS, an H 2S donor, inhibited phosphodiesterase 5 (PDE5) activity and augmented the increase in cGMP levels, IP 3 receptor phosphorylation at Ser 1756 (measured as a proxy for PKG activation), and muscle relaxation in response to NO donor S-nitrosoglutathione (GSNO), suggesting augmentation of cGMP/PKG pathway by H 2S. The inhibitory effect of L-cysteine, but not NaHS, on PDE5 activity was blocked in cells transfected with CSE siRNA or treated with CSE inhibitor D,Lpropargylglycine (DL-PPG), suggesting activation of CSE and generation of H 2S in response to L-cysteine. H2S levels were increased in response to L-cysteine, and the effect of L-cysteine was augmented by GSNO in a cGMP-dependent protein kinase-sensitive manner, suggesting augmentation of CSE/H 2S by cGMP/PKG pathway. As a result, GSNO-induced relaxation was inhibited by DL-PPG. In flatsheet preparation of colon, L-cysteine augmented calcitonin generelated peptide release in response to mucosal stimulation, and in intact segments, L-cysteine increased the velocity of pellet propulsion. These results demonstrate that in colonic smooth muscle, there is a novel interplay between NO and H2S. NO generates H2S via cGMP/ PKG pathway, and H2S, in turn, inhibits PDE5 activity and augments NO-induced cGMP levels. In the intact colon, H2S promotes colonic transit.
NEW & NOTEWORTHY Hydrogen sulfide (H 2S) and nitric oxide (NO) are important regulators of gastrointestinal motility. The studies herein provide the cross talk between NO and H2S signaling to mediate smooth muscle relaxation and colonic transit. H2S inhibits phosphodiesterase 5 activity to augment cGMP levels in response to NO, which, in turn, via cGMP/PKG pathway, generates H2S. These studies suggest that interventions targeted at restoring NO and H2S homeostasis within the smooth muscle may provide novel therapeutic approaches to mitigate motility disorders. muscle relaxation; signaling; phosphodiesterase 5; nitric oxide CYCLIC GUANOSINE 5=-MONOPHOSPHATE (cGMP) generated via stimulation of nitric oxide (NO)-sensitive soluble guanylyl cyclase (sGC) activity plays an important role in smooth muscle relaxation (31, 38, 42) . Intracellular cGMP levels are largely regulated by cGMP-hydrolyzing phosphodiesterase (PDEs) enzymes that break down cGMP (3, 10, 32) . PDEs are a large group of structurally related enzymes that catalyze the hydrolysis of 3=,5=-cyclic nucleotides to the corresponding inactive nucleoside 5=-monophosphates (3, 10) . cGMP-specific PDEs such as PDE5, PDE6, and PDE9 have much higher affinity for cGMP than for cAMP. PDE5 is the predominant cGMP-specific PDE expressed in gastrointestinal (GI) smooth muscle (32) .
In the GI tract, H 2 S-synthesizing enzymes such as cystathionine-␥-lyase (CSE) and cystathionine-␤-synthase (CBS) have been shown to be expressed by enteric neurons, interstitial cells of Cajal, smooth muscle cells, and epithelial cells (20, 27-30, 41, 43) . Endogenous generation of H 2 S via CSE and CBS has been demonstrated in different regions of the gastrointestinal tract (13, 16, 28, 30) , and augmentation of spontaneous contractions in response to suppression of CSE or CBS supports a role for H 2 S as an endogenous signaling molecule in the regulation of gut motility (13, 31) . In in vitro experiments, NaHS (a donor of H 2 S) and L-cysteine (a precursor of H 2 S generation) were used as a source of H 2 S. In general, NaHS has an inhibitory role on both spontaneous and agonist-induced contraction in different regions of GI tract in different species. NaHS inhibited agonist-induced contractions in circular muscle strips from mouse fundus and distal colon (8, 9) , and in the ileum and jejunum of guinea pig, rat, and rabbit (16, 20, 36, 37, 41, 48) . NaHS inhibited spontaneous circular smooth muscle contractions in rat and human colonic strips and peristaltic activity in the mouse small intestine and colon (12) . NaHS, but not L-cysteine, inhibited spontaneous and agonist-induced contraction in rat ileal longitudinal muscle (36) , whereas both NaHS and L-cysteine inhibited spontaneous and agonist-induced contraction in rat ileal circular muscle (37) . A dual effect, a contraction at low (Ͻ200 M) concentrations and relaxation at high (Ͼ200 M) concentrations, of NaHS has been observed in the guinea pig and mouse stomach (15, 53) . These studies suggest that the effect of H 2 S on contractile activity in GI tract is variable, which might reflect various effects of H 2 S on different targets. Several mechanisms for the inhibitory effect of H 2 S have been proposed, and these include activation of MLC phosphatase (8, 37) , ATP-sensitive potassium channels (11, 12, 19, 37, 53) , small conductance calcium-activated potassium channels (SK Ca ) (12) , and sodium channel activation (45) .
Cross talk between NO/sGC/cGMP pathway and H 2 S has been previously reported in smooth muscle (4 -7, 16, 22, 46) . The regulation of intracellular cGMP is a key factor accounting for a positive interaction between H 2 S and NO. Endogenous H 2 S has been reported to be essential for NO-mediated increase of cGMP since CSE silencing inhibits the NO-induced cGMP accumulation (5) . Exposure of rat aortic smooth muscle cells to different concentrations of NaHS leads to an increase in cGMP levels (5) . Other studies report negative feedback regulations between NO and H 2 S (2, 14, 50) . Release of NO from nNOS of enteric neurons and activation of NO/sGC/PKG pathway in smooth muscle is a physiological norm during descending relaxation phase of peristalsis (32, 42) . Since NO and H 2 S use distinct mechanisms to regulate smooth muscle function, it is possible that there could be a synergistic or antagonist interaction between the mechanisms activated. In the present study, the link between NO and H 2 S in the regulation of smooth muscle cGMP/PKG pathway and a role for H 2 S in the regulation of colonic motility were examined. Our results demonstrate that in colonic smooth muscle H 2 S augments NO-induced relaxation, and the mechanism involves inhibition of NO-stimulated PDE5 activity and augmentation of cGMP levels. NO-induced relaxation was mediated, in part, via activation of CSE and generation of H 2 S. Our studies also showed that in colonic segments H 2 S increases colonic transit.
MATERIALS AND METHODS

Materials.
The following chemicals for the preparation of Krebs solution were used: NaCl, KCl, KH 2PO4, MgSO4, CaCl2, NaHCO3, and glucose; Crotalus atrox snake venom, cGMP, and other chemicals such as L-cysteine and sodium hydrosulfide (NaHS) and D,L-propargylglycine (DL-PPG) were all obtained from Sigma-Aldrich (St. Louis, MO). Ferric chloride was obtained from MP Biomedicals (Solon, OH). N,N-dimethyl-p-phenylenediamine sulfate were obtained from Alfa Aezer (Ward Hill, MA). Rp-8-Br-cGMPS was obtained from Alexis Corporation (Switzerland). S-nitrosoglutathione was obtained from Santa Cruz biotechnology (Dallas, TX). Western blotting materials and protein assay kit were from Bio-Rad Laboratories (Hercules, CA). Polyclonal anti-PDE5 antibody and polyclonal anti-CSE antibody were obtained from Proteintech (Chicago, IL); [ 3 H]cGMP and [ 125 I]cGMP were obtained from Perkin Elmer Life sciences (Cambridge, MA). Antibody to phospho-IP 3 receptor (Ser 1756 ) was obtained from Cell Signaling Technology (Danvers, MA).
New Zealand White male rabbits (4 to 5 lb) were purchased from RSI Biotechnology (Clemmons, NC). Male C57BL/6 mice purchased from Jackson Laboratories (Bar Harbor, ME). The animals were housed in the animal facility administered by the Division of Animal Resources, Virginia Commonwealth University. All procedures were approved and conducted in accordance with the Institutional Animal Care and Use Committee of Virginia Commonwealth University. Normal human colon tissues were obtained from the National Disease Research Interchange (NDRI, Philadelphia, PA), a nonprofit organization that provides human organs and tissue. The studies using human tissues from NDRI were approved as exempt from Virginia Commonwealth University Institutional Review Board.
Preparation of dispersed smooth muscle cells. The colon was dissected out, emptied of contents and placed in oxygenated Krebs solution composed of 118 mM NaCl, 4.75 mM KCl, 1.19 mM KH 2PO4, 1.2 mM MgSO4, 2.54 mM CaCl2, 25 mM NaHCO3, and 11 mM glucose at 37°C and pH 7.4. Smooth muscle cells were isolated from the circular muscle layer of the colon from rabbit, mouse, and human by sequential enzymatic digestion, filtration, and centrifugation, as previously described (33) (34) (35) . Briefly, colonic circular muscle strips were incubated for 30 min at 31 C in 15 ml of medium containing 120 mM NaCl, 4 mM KCl, 2.6 mM KH 2PO4, 0.6 mM MgCl 2, 25 mM HEPES, and 14 mM glucose, 2.1% (vol/vol) Eagle's essential amino acid mixture, 0.1% collagenase (type II), and 0.1% soybean trypsin inhibitor. After the 30-min digestion period, the cells that had spontaneously detached in collagenase containing medium were discarded, partly digested tissues were washed with 50 ml of collagenase-free medium, and muscle cells allowed to disperse spontaneously. The cells were harvested by filtration through 500 m of Nitex and centrifuged twice at 350 g for 10 min. Dispersed smooth muscle cells were cultured in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum until they attained confluence and were then passaged once for use in various studies.
Assay for PDE5 activity. PDE5 activity was measured in immunoprecipitates of PDE5 by the method of Wyatt et al. (51) , as previously described (33) . PDE5 was immunoprecipitated from lysates of dispersed rabbit colonic muscle cells (3 ϫ 10 6 cells/ml) by using an anti-PDE5 antibody, and the immunoprecipitates were washed in a solution of 50 mM Tris·HCl (pH 7.5), 200 mM NaCl, and 5 mM EDTA. The immunoprecipitates were then incubated for 15 min at 30°C in a reaction mixture containing 100 mM Mes (pH 7.5), 10 mM EDTA, 0.1 M magnesium acetate, 0.9 mg/ml BSA, 20 M cGMP, and [ 3 H]cGMP. The samples were boiled for 3 min, chilled, and then incubated at 30°C for 10 min in 20 mM Tris·HCl (pH 7.5) containing 10 l of Crotalus atrox snake venom (10 g/l). The samples were added to DEAE-Sephacel A-25 columns, and the radioactivity in the effluent was counted. The results were expressed as counts per minute per milligram of protein.
Radioimmunoassay for cGMP. cGMP production was measured by radioimmunoassay as described previously (33, 35) . Briefly, muscle cells (3 ϫ 10 6 cells) were treated with S-nitrosoglutathione (GSNO) for 10 min in the presence or absence of L-cysteine or NaHS pretreatment for 10 min, and the reaction was terminated with 10% trichloroacetic acid. The samples were centrifuged, and the supernatants extracted three times with water-saturated diethyl ether. The resulting aqueous phase was lyophilized and reconstituted in 500 l of 50 mM sodium acetate (pH 6.2). The samples were acetylated with trimethylamine/acetic anhydride (2:1, vol/vol) for 30 min, and cGMP was measured in duplicate using 100-l aliquots. The results were expressed as picomole per milligram of protein.
Transfection of CSE siRNA. For transfection of siRNA, the cells were washed and cultured in DMEM medium containing 10% fetal bovine serum and antibiotics until they attained confluence and used after first passage in various experiments. The RNAi-Ready pSIREN-DNR-DsRed-Express Vector (BD Biosciences, Clontech) encoding CSE small-interfering RNA (Qiagen) was inserted between BamH1 and EcoR1 restriction sites and transfected into cultured smooth muscle cells with Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer's recommendation. To check the specificity of the siRNA, empty vector without the siRNA sequence was used as a control. Successful knockdown of CSE protein was verified by Western blot analysis (35) .
Measurement of phosphorylated inositol 1,4,5 trisphosphate (IP3) receptor. One milliliter of cells (2 to 3 ϫ 10 6 cell/ml) was treated with GSNO (10 nM) for 10 min in the presence or absence of NaHS (1 mM) or L-cysteine (10 mM) pretreatment for 10 min and solubilized on ice for 1 h in medium containing 20 mM Tris·HCl (pH 8.0), 1 mM DTT, 100 mM NaCl, 0.5% sodium dodecyl sulfate, 0.75% deoxycholate, 1 mM PMSF, 10 g/ml of leupeptin, and 100 g/ml of aprotinin. The proteins were resolved by SDS/PAGE and electrophoretically transferred on to nitrocellulose membranes. The membranes were incubated for 12 h with phospho-specific antibodies to the IP3 receptor (Ser 1756 ) (1:1,500) and then for 1 h with horseradish peroxidase-conjugated secondary antibody (1:5,000). The protein bands were identified by enhanced chemiluminescence reagent (34, 35) .
Measurement of H2S production. Synthesis of H2S in smooth muscle from rabbit colon was measured using the method of Abe and Kimura (1) and modified by Qu et al. (40) . Freshly obtained rabbit colonic smooth muscle cells were homogenized in ice-cold 50-mM potassium phosphate buffer, pH 8.0 (12% wt/vol), with a Polytron homogenizer. The homogenate (0.5 ml) and buffer (0.4 ml) were then cooled on ice for 10 min before L-cysteine (10 mM), and pyridoxal 5=-phosphate (2 mM) was added. The final volume was 1 ml. A smaller 2-ml tube containing a piece of filter paper (0.5 ϫ 1.5 cm) soaked with zinc acetate (1%; 0.3 ml) was put inside the larger vial. The vials were then flushed with nitrogen gas for 20 s and capped with an airtight serum cap. The vials were then transferred to a 37°C shaking water bath, and after 90 min trichloroacetic acid (50%; 0.5 ml) was injected into the reaction mixture through the serum cap. The mixture was left to stand for another 60 min to allow for the trapping of evolved H2S by the zinc acetate.
The serum cap was then removed, and N,N-dimethyl-p-phenylenediamine sulfate (20 mM; 50 l) in 7.2 mol/l HCl and FeCl3 (30 mM; 50 l) in 1.2 mol/l HCl were added to the inner tube containing zinc acetate-soaked filter paper. After 20 min, absorbance at 670 nm was measured with a spectrophotometer. The calibration curve of absorbance vs. H2S concentration was obtained by using NaHS solution of varying concentrations as described previously (40) . When NaHS is dissolved in water, HS Ϫ is released, which forms H2S with H ϩ . H2S concentration is taken as 30% of the NaHS concentration in the calculation. The calibration curve in our studies was linear from 0 to 400 M NaHS or 120 M H2S. Smooth muscle homogenates were incubated with L-cysteine (10 mM) or GSNO (10 M) in the presence or absence of CSE inhibitor D,L-propargylglycine (DL-PPG, 1mM). The amount of H2S released from tissue preparation was studied by spectrophotometry. The results are expressed as nmoles H 2S/mg tissue.
Measurement of muscle relaxation in muscle strips. Contractile activity of muscle strips was calculated as the maximum force generated in response to carbachol (CCh) (35) . In some experiments, the strips were incubated with NO donor, GSNO, and DL-PPG for 10 min before CCh treatment. Strips obtained from the circular layer of rabbit colon were allowed to equilibrate to a passive tension of 1 g for at least 30 min before experiments were conducted, and bath buffer solution was changed every 15 min during equilibration and data collection. Only muscle strips that developed ϳ2 g of tension above basal levels were used to test the effect of GSNO and PPG on CCh-induced contraction. Time control studies demonstrated that response to 10 M CCh was reproducible following 2 h incubation in Krebs buffer. Muscle strips were used within 2 h after isolation. At the end of each experiment, the strips were blotted dry and weighed (tissue wet wt). Strip data were analyzed from within the Polyview software suite. All experiments were designed to compare treatment to control conditions. Paired t-tests were conducted in GraphPad (GraphPad Software, La Jolla, CA), and significance was assumed at P Ͻ 0.05.
Measurement of muscle relaxation in dispersed muscle cells. Cell lengths were measured by image scanning micrometry technique (33) (34) (35) . All cell suspensions were used within 1 h after dispersion for cell length measurements. Freshly isolated muscle cells (0.4 ml containing 10 4 /cell ml) from circular muscle layer of colon were preincubated for 10 min with different concentrations of GSNO, L-cysteine or NaHS, and then CCh was added for 30 s. The reaction was terminated with 1% acrolein. After termination, an aliquot of cell suspension was placed on a slide under a coverslip. The slide was scanned, and the length of first 50 cells randomly encountered was measured using a micrometer. The resting cell length was determined in control experiments in which muscle cells were incubated with 100 l of 0.1% bovine serum albumin in the absence of CCh. Contraction is expressed as the absolute decrease in mean cell length (m) from control cell length in the presence of contractile agonist. Relaxation is calculated as a percent decrease in contractile response in the presence of GSNO or GSNO plus L-cysteine or NaHS.
Calcitonin gene-related peptide assay. Calcitonin gene-related peptide (CGRP) release was measured in a 3-to 5-cm segment of mouse colon, opened to form a flat sheet, and pinned mucosal side up in a three-compartment organ bath as described in detail previously (21) . The compartments were isolated by vertical partitions sealed with vacuum grease and equilibrated in Krebs-bicarbonate medium containing 118 mM NaCl, 4.8 mM KCl, 1.2 mM KH2PO4, 2.5 mM CaCl2, 1.2 mM MgSO4, 25 mM NaH2CO3, 11 mM glucose, 0.1% BSA, and peptidase inhibitors (10 M amastatin, 1 M phosphoramidon) for 1 h. At the end this period, the medium was collected from the central sensory compartment, aliquoted, and stored at Ϫ80°C. The bath was refilled with a medium, and a mucosal stroking stimuli was applied in the central compartment at a stimulus strength of either four or eight strokes. The stimulus was applied five times at 3-min intervals over a 15-min period, and after that the medium was collected from the central sensory compartment and stored at Ϫ80°C. After a 30-min equilibration period, during which the bathing medium was changed twice, the basal and mucosal stroking sequence was repeated in the presence of the 10 mM L-cysteine or 10 mM L-cysteine plus DL-PPG (1 mM) followed by collection of medium. The levels of CGRP in the medium were measured by radioimmunoassay using antibody RIK 6006 as described previously (21) . The limit of detection of the assay was 2.6 fmol/ml and the IC50 was 39.2 Ϯ 5.1 fmol/ml of original sample.
Measurement of pellet propulsion. Isolated segments of the colon (5 to 6 cm) from mice were loosely pinned in an organ chamber as described previously (17, 21) . After a 30-min of equilibration, a fine PE-10 tubing was placed in the segment from the anal end and advanced to just distal to an artificial fecal pellet placed at the orad end. The fecal pellets mimic native pellets in size and shape. The PE tubing was perfused with Krebs buffer (0.01 ml/min), the pellet allowed to move to the anal end, and the time to move through the colon measured. The velocity of propulsion of artificial fecal pellets was calculated as millimeter per second. The velocity for five pellets was measured. After determination of the velocity in the presence of Krebs buffer, the experiment was repeated by changing the perfusate to Krebs buffer containing 10 mM L-cysteine.
Statistical analysis. Results are expressed as means Ϯ SE of n, where n represents one sample from one animal for single experimental replicate. Each experiment was performed on cells and tissues obtained from different animals. Differences were analyzed by Student's t-test and considered significant with a probability of P Ͻ 0.05. Regression analysis was performed with GraphPad Prism 5, a statistical software program (GraphPad Software).
RESULTS
Augmentation of NO-induced relaxation by H 2 S in isolated muscle cells.
Previous studies in dispersed muscle cells showed that relaxation in response to NO is mediated via activation of sGC/cGMP/PKG pathway (32) . Treatment of dispersed colonic smooth muscle cells with different concentration of NO donor GSNO (0.1 nM to 10 M) induced relaxation in a concentration-dependent fashion with an EC 50 Augmentation of cGMP/PKG pathway by H 2 S in isolated muscle cells. We next investigated the effect of H 2 S on GSNOinduced cGMP levels. Treatment of dispersed colonic smooth muscle cells with different concentrations of GSNO (0.1 nM to 10 M) caused an increase in cGMP levels in a concentrationdependent fashion with an EC 50 of 40 nM and maximum response (4.7 Ϯ 0.6 pmol/mg protein above basal levels of 0.5 Ϯ 0.09 pmol/mg protein) at 10 M GSNO. Treatment of cells with GSNO in the presence of L-cysteine (10 mM) and NaHS (1 mM) augmented NO-induced cGMP, shifting the concentration-response curve to left with an EC 50 value of 1 nM and maximum response (5.1 Ϯ 0.03 pmol/mg protein above basal levels of 0.5 Ϯ 0.09 pmol/mg protein) at 1 M GSNO (Fig. 1C ). Addition of different concentrations of L-cysteine or NaHS caused concentration-dependent augmentation of cGMP levels in response to submaximal concentrations of GSNO (10 nM) ( Fig. 1D) . These results suggest that H 2 S augments relaxation in response to NO and the mechanism involves augmentation of cGMP levels.
Previous studies in smooth muscle have shown that inositol 1,4,5-trisphosphate receptor (IP 3 R) was phosphorylated at Ser 1756 in response to activation of PKG (23, 34) . Treatment of cells with GSNO (10 nM) caused an increase in the phosphorylation of IP 3 R at Ser 1756 , measured as a proxy for PKG activity, and the effect of GSNO on IP 3 R phosphorylation was further augmented in the presence of L-cysteine (10 mM) or NaHS (1 mM) (Fig. 2) . The results are consistent with augmentation of GSNO-induced cGMP levels by L-cysteine or NaHS. The effect of GSNO in the presence or absence of L-cysteine or NaHS on IP 3 R phosphorylation was blocked by a PKG inhibitor, Rp-8-Br-cGMPS (10 M), suggesting that both L-cysteine and NaHS converge on PKG to mediate IP 3 R phosphorylation (Fig. 2) .
Inhibition of PDE5 activity by H 2 S in isolated muscle cells. Previous studies have shown that cGMP is hydrolyzed predominantly by PDE5 in GI smooth muscle (33) . Augmentation of NO-induced cGMP levels by H 2 S could be due to increase in NO-induced sGC activity and/or decrease in PDE5 activity. Treatment of cells with L-cysteine (10 mM) and NaHS (1 mM) in the absence of GSNO but in the presence of a nonspecific PDE inhibitor, isobutyl methyl xanthine (100 M), had no effect on cGMP levels (0.83 Ϯ 0.09 pmol/mg protein vs. 0.92 Ϯ 0.14 with L-cysteine or 1.1 Ϯ 0.15 pmol/mg protein), suggesting that unlike NO, H 2 S had no effect on sGC activity (7-10, 17, 22, 43) . We examined the hypothesis that augmentation of NO-induced cGMP in response to H 2 S is due to inhibition of NO-stimulated PDE5 activity and suppression of cGMP hydrolysis. Treatment of colonic muscle cells with different concentration of GSNO (0.1 nM to 10 M) for 10 min caused an increase in PDE5 activity in a concentration-dependent manner with an EC 50 of 62 nM and maximum activity with 10 M GSNO (3,479 Ϯ 634 cpm/mg protein; P Ͻ 0.001) above basal levels (264 Ϯ 43 cpm/mg protein). Treatment of muscle cells with GSNO in the presence of L-cysteine (10 mM) and NaHS (1 mM) attenuated GSNO-induced PDE5 activity, shifting the concentration-response curve to the right (Fig. 3) . These results suggest that augmentation of GSNO-induced cGMP levels and relaxation by H 2 S is due to inhibition of PDE5 activity and suppression of cGMP hydrolysis.
The involvement of endogenous H 2 S generation in the inhibition of PDE5 activity by L-cysteine was examined by two approaches: 1) transfection of cultured muscle cells with CSEspecific siRNA, and 2) treatment of dispersed muscle cells with a selective CSE inhibitor, DL-PPG. GSNO induced a significant increase in PDE5 activity in cultured muscle cells (3,735 Ϯ 450 cpm/mg protein; P Ͻ 0.001) that is similar to the increase in dispersed muscle cells. Addition of L-cysteine (10 mM) caused significant inhibition of GSNO-stimulated PDE5 activity (48 Ϯ 5% inhibition) in cells transfected with control siRNA.
The inhibitory effect of L-cysteine was blocked in cells transfected with CSE-specific siRNA, suggesting that the effect of L-cysteine was mediated via activation of CSE (Fig. 4A ). Addition of NaHS (1 mM) also caused a significant inhibition of GSNO-stimulated PDE5 activity in cells transfected with control siRNA (64 Ϯ 6% inhibition). The inhibitory effect of NaHS, however, was not affected in cells transfected with CSE-specific siRNA (65 Ϯ 8% inhibition) (Fig. 4A) .
Similar studies were performed using DL-PPG (1 mM) in the presence of both L-cysteine and NaHS in dispersed muscle cells. Addition of L-cysteine (10 mM) caused significant inhibition of GSNO-stimulated PDE5 activity (43 Ϯ 6% inhibition). The inhibitory effect of L-cysteine was blocked in the presence of DL-PPG (1 mM) (8 Ϯ 7% inhibition, not significant) (Fig. 4B ). Addition of NaHS (1 mM) also caused a significant inhibition of GSNO-stimulated PDE5 activity in control cells (62 Ϯ 4% inhibition). The inhibitory effect of NaHS, however, was not affected by the presence of DL-PPG (58 Ϯ 7% inhibition) (Fig. 4B) . These results provide evidence for the involvement of CSE, via generation of H 2 S, in inhibition of PDE5 activity by L-cysteine.
Addition of L-cysteine (10 mM) or NaHS (1 mM) also inhibited PDE5 activity and augmented cGMP levels and muscle relaxation in response to GSNO in colonic muscle cells isolated from mouse and human ( Figs. 5 and 6 ). In mouse colonic muscle cells, L-cysteine and NaHS inhibited GSNOstimulated PDE5 activity (37 Ϯ 5 and 44 Ϯ 4% inhibition) and augmented cGMP levels (49 Ϯ 7 and 63 Ϯ 4%) and relaxation (59 Ϯ 5 and 70 Ϯ 7%) ( Fig. 5 ). In human mouse colonic muscle cells, L-cysteine and NaHS inhibited GSNO-stimulated PDE5 activity (35 Ϯ 3 and 58 Ϯ 6% inhibition) and augmented cGMP levels (51 Ϯ 6 and 73 Ϯ 8%) and relaxation (64 Ϯ 6 and 84 Ϯ 8%) ( Fig. 6 ). H 2 S production in colonic smooth muscle. Incubation of smooth muscle homogenates from rabbit colon with L-cysteine (10 mM) caused a significant increase in H 2 S production (145 Ϯ 24% increase above basal levels of 15.6 Ϯ 2.5 nmol H 2 S/mg tissue). L-Cysteine-induced H 2 S production was blocked by the CSE inhibitor DL-PPG (1 mM) ( Fig. 7) . These studies show that endogenous H 2 S production from the colonic smooth muscle is generated by the activation of CSE and consistent with the expression of CSE in smooth muscle cells of rabbit colon (35) . L-Cysteine-induced increase in H 2 S production was significantly augmented by GSNO (10 M) (88 Ϯ 6% increase above L-cysteine-induced increase), and the effect of GSNO on L-cysteine-induced H 2 S production was attenuated by Rp-8-Br-cGMPS (19 Ϯ 4% increase above Lcysteine-induced increase) and blocked in the presence of DL-PPG (Fig. 7) . These results suggest that activation of sGC/ cGMP/PKG pathway in response to GSNO stimulates CSE activation and H 2 S production, which in turn facilitates relaxation via inhibition of PDE5 activity and augmentation of cGMP/PKG pathway.
Inhibition of GSNO-induced relaxation by DL-PPG. The involvement of CSE/H 2 S pathway in mediating relaxation in response to GSNO was examined in muscle strips and dispersed muscle cells. GSNO-induced relaxation was measured in the presence or absence of DL-PPG (1 mM). CCh-induced contraction was inhibited (i.e., relaxation) in the presence of GSNO (10 M), and the inhibition by GSNO was attenuated by treatment of strips with DL-PPG (33 Ϯ 4% inhibition of GSNO response) ( Fig. 8A ). Treatment of dispersed colonic smooth muscle cells with GSNO induced relaxation in a concentration-dependent fashion with an EC 50 of 45 nM and maximum relaxation of 63 Ϯ 5% with 10 M of GSNO. Treatment of colonic smooth muscle cells with GSNO in the presence of DL-PPG attenuated GSNO-induced relaxation, shifting the concentration-response curve to the right with a maximal relaxation of 47 Ϯ 4% with 10 M GSNO (Fig. 8B) . These results suggest GSNO-induced relaxation was partly due to H 2 S production via activation of CSE.
Release of calcitonin gene-related peptide in flat-sheet preparations. Previous studies in mice and other species have shown that activation of sensory neurons in response to mucosal stimulation initiates a peristaltic reflex and colonic motility (21) . CGRP release in response to stimulation is a marker of activation of the sensory neurons (21) . Four or eight strokes of mucosa increased CGRP release above basal release (69 Ϯ 5 and 248 Ϯ 20% increase above basal levels of 1.4 Ϯ 0.3 fmol·100 mg Ϫ1 ·min Ϫ1 ). Addition of L-cysteine to the central compartment of the mouse colonic flat-sheet preparations did not affect the basal release of CGRP ( Fig. 9 ). However, CGRP release in response to both four and eight stroking was further increased in the presence of L-cysteine (174 Ϯ 23 and 398 Ϯ 42%) (Fig. 9 ). The augmentation in stroking-induced CGRP release in the presence of L-cysteine was partially attenuated by DL-PPG. The L-cysteine-induced augmentation at four strokes was reduced by 35 Ϯ 6%, and the L-cysteine-induced augmentation of the response to eight strokes was reduced by 52 Ϯ 8%. These results raise the possibility that the increase in CGRP release in response to L-cysteine would alter colonic transit.
Pellet propulsion in intact colonic segments. The effect of L-cysteine on colonic transit was tested ex vivo by measuring the velocity of pellet propulsion in the absence or presence of L-cysteine (10 mM) in isolated colonic segments of mice. Artificial fecal pellets placed into the orad end of colonic segments in the absence of L-cysteine propelled distally at a velocity of 0.95 Ϯ 0.10 mm/s. The velocity of propulsion of the same artificial fecal pellets in colonic segments in the presence of L-cysteine was augmented to 1.50 Ϯ 0.2 mm/s, a 57 Ϯ 8% increase in the velocity of propulsion (P Ͻ 0.05, n ϭ 4, where n represents one preparation from one animal and velocity for five pellets was measured in each preparation) ( Fig. 10) .
DISCUSSION
Although the importance of H 2 S as a signaling molecule mediating smooth muscle relaxation is known, unlike the well-established effect on activation of K ATP channels in the cardiovascular system (46, 49, 52) , the mechanism of action of H 2 S in the GI tract was shown to be site specific and species dependent. Relaxation in mouse gastric fundus is independent of K ϩ channel activation (8) . In guinea pig antrum, inhibition of spontaneous contractions by high concentrations (0.3 to 1.0 mM) of NaHS are dependent on K ATP channel activation, whereas an increase in basal tension by low concentrations of NaHS is dependent on inhibition of voltage-gated K ϩ channels (53) . A direct effect of NaHS on K ATP channels in mouse colonic smooth muscle cell was also demonstrated (11, 19) . In addition to the direct effect, inhibitory effect on nNOS responsible for the generation of NO (44) , and on ICC, responsible for pacemaker activity (39) has been reported. These data suggest that the effects of H 2 S is variable, which is consistent with the effects on H 2 S on various cells types and targets in the GI tract. This is further confounded by the interaction of H 2 S with NO, a well-established signaling molecule in muscle relaxation. Contrary to the early notions that signaling pathways activated by NO and H 2 S are independent, recent studies to understand the interaction of NO and H 2 S to mediate interdependent biological actions suggests that there exists a cross talk between H 2 S and NO (4 -7, 16, 22, 46) . Studies have shown both stimulation and inhibition of NO pathway by H 2 S: for example, augmentation of iNOS expression (18) and inhibition of eNOS activity (2, 24) and nNOS activity (25) and NO function (26) . In the mouse colon, endogenous H 2 S acting in an autocrine fashion is an inhibitor of NO generation from nNOS (44) .
Our results in the present study using isolated colonic smooth muscle cells demonstrated that the effect of NO is augmented by H 2 S. The effect of H 2 S to augment NO-induced relaxation arises from the ability of H 2 S to enhance cGMP levels by diminishing its degradation via inhibition of cGMPspecific PDE5 activity. The evidence was based on measurements of both cGMP levels and PDE5 activity in response to GSNO in the presence or absence of L-cysteine or NaHS. Although L-cysteine or NaHS had no effect on cGMP levels in the absence of NO, both L-cysteine and NaHS caused augmentation of NO-induced cGMP levels, PKG activity, and muscle relaxation. Both L-cysteine and NaHS inhibited PDE5 activity and augmented cGMP levels and muscle relaxation in a concentration-dependent fashion. Inhibition of PDE5 activity by L-cysteine was blocked by suppression of CSE expression or inhibition of CSE activity, suggesting that L-cysteine-mediated effects are due to activation of CSE. Similar inhibition of PDE5 activity and augmentation of cGMP levels and relaxation was observed in colonic smooth muscle from rabbit, mouse, and human. H 2 S also augments the PKG pathway downstream of cGMP, and this is evident from the augmentation of IP 3 Fig. 10 . Velocity of propulsion of fecal pellets in colonic segments from mouse colon. Artificial fecal pellets were inserted into the orad end of intact segments isolated from mouse colon, and the time to traverse a defined distance recorded. The velocity of propulsion of five pellets was calculated. Consistent with augmentation of relaxation of smooth muscle, the velocity of fecal pellet propulsion was increased by 10 mM L-cysteine. Values are mean Ϯ SE of four experiments. *P Ͻ 0.05 significant augmentation of colonic propulsion by H 2 S is known to alter the targets such as K ATP channels, or binding to Zn and altering the enzyme activity, as H 2 S is known to bind Zn, and PDE5s are Zn-containing enzymes (3, 47) . Previous studies have shown an interplay between NO and H 2 S. A role for PKG in H 2 S mediated relaxation was demonstrated using PKG-I null mice (4) . Relaxation to both NaHS and L-cysteine were reduced in vascular smooth muscle of PKG-I null mice, demonstrating that endogenous PKG-I is partially responsible for NaHS and L-cysteine-stimulated vasodilation (38) . Studies by Bucci et al. (5) have shown that incubation of cultured rat aortic smooth muscle cells with NaHS caused an increase in cGMP levels. Blockade of CSE activity by DL-PPG or suppression of CSE mRNA led to a significant reduction of cGMP levels. Overexpression of CSE, in contrast, led to an increase in intracellular cGMP levels. Further studies showed that NaHS significantly inhibits phosphodiesterase activity in vitro and causes a reduction in the breakdown of cGMP. Coletta et al. (7) reported that H 2 S and NO are mutually dependent to regulate endothelium-dependent vasorelaxation. These reports show that NaHS inhibits purified PDE5 activity as effectively as sildenafil with an IC 50 of 1.55 M. Exposure of endothelial cells to H 2 S increases intracellular cGMP in an NO-dependent manner and activates PKG. CSE deficiency blocks NO-stimulated cGMP formation, whereas eNOS deficiency or inhibition by L-NAME blocks the effect of H 2 S to increase cGMP levels. These studies clearly indicate a mutual requirement of H 2 S and NO in vascular smooth muscle relaxation. While NO enhances cGMP synthesis by activating sGC activity, H 2 S increases cGMP synthesis via stimulation of eNOS. Activation of eNOS by H 2 S was mediated via an increase in the stimulation of phosphorylation of eNOS at Ser 1177 . Phosphorylation of eNOS at Ser 1177 was markedly reduced in the hearts of CSE knockout mice (22) . NO, in turn, was shown to activate CSE and generate H 2 S. Rat aortic tissue homogenates incubated with a NO donor for 90 min showed a significant increase in H 2 S generation (52) . These studies suggested that NO-dependent increase in H 2 S generation could be due to direct activation of CSE by NO via S-nitrosylation or due to stimulation of CSE by NO/sGC/ cGMP pathway. These studies also showed that incubation of vascular smooth muscle cells with NO donor for 6 h significantly increased the expression of CSE (52) .
CSE and CBS are reported to be localized in different regions of the GI tract, stomach, small intestine and colon, and in different cell types, enteric neurons, ICCs, and smooth muscles (20, 27-30, 41, 43) . Several studies have shown the endogenous generation of H 2 S in the GI tract supporting a role for H 2 S in the regulation of GI functions (13, 16, 28, 30) . Although the expression of CSE and CBS, and physiological function of H 2 S in the GI tract, has been studied by several research groups, the endogenous regulation of H 2 S production by H 2 S-synthesizing enzyme CSE and the mechanism of activation are still unclear. Our studies provide evidence for the synthesis of H 2 S in smooth muscle from the colon of rabbit by the CSE activator L-cysteine as well as by NO donor, GSNO. The evidence was based on direct measurement of H 2 S production in response to L-cysteine and GSNO, and use of a specific inhibitor of CSE, DL-PPG and an inhibitor of PKG, Rp-8-Br-cGMPS. L-cysteine and GSNO-induced increase in H 2 S production was blocked by DL-PPG, demonstrating that activation of CSE is involved in the synthesis of H 2 S in response to NO. A selective PKG inhibitor blocked the effect of GSNO, suggesting the involvement of PKG in the activation of CSE. The physiological relevance of the CSE/H 2 S pathway activated by NO was evident from the partial inhibition of GSNO-mediated relaxation by DL-PPG in both muscle strips and isolated muscle cells. This physiological mode of cooperative action between NO and H 2 S is analogous to the cooperation of NO signaling and pharmacological inhibitors of PDE5 such as sildenafil.
The present study, using intact colonic segments, also suggested that H 2 S stimulates colonic transit. We have previously shown that CGRP is a marker of enteric sensory neuron activation, which leads to initiation of the peristaltic reflex and peristalsis (21) . Here, we show that addition of L-cysteine to the sensory compartment of colonic flat sheet preparation augmented CGRP release in response to mucosal stroking, and this was partially reduced by DL-PPG. We show that in ex vivo colonic preparations, L-cysteine increased the velocity of pellet propulsion. Enhanced propulsion could also be partly due to an augmentation of the descending relaxation component of the peristaltic reflex by the direct interaction of NO and H 2 S at the level of the smooth muscle cell since we have previously shown that descending relaxation is mediated by NO (21) .
In conclusion, our studies provide evidence for the interplay between NO and H 2 S in colonic smooth muscle to augment each other's effect. NO contributes to the generation of H 2 S via cGMP/PKG pathway, and H 2 S, in turn, inhibits PDE5 activity and augments NO-induced cGMP levels (Fig. 11 ). Thus H 2 S promotes NO function, and its own synthesis, via cGMP/PKG pathway. Our study also suggests that H 2 S stimulates colonic transit. These current findings may lead to novel approaches that focus on the simultaneous restoration of NO and H 2 S Fig. 11 . The interplay between NO and H2S in colonic smooth muscle. In colonic smooth muscle, relaxation in response to nitric oxide (NO) is mediated via stimulation of soluble guanylyl cyclase (sGC) activity, cGMP generation, and cGMP-dependent protein kinase (PKG) activity. PKG phosphorylates various targets in the contractile pathway to decrease intracellular Ca 2ϩ and/or increase myosin light chain phosphatase activity, key requirements in muscle relaxation. cGMP/PKG pathway, in addition, activates cystathionine-␥-lyase (CSE) to generate H2S, which in turn inhibits PDE5 activity and augments cGMP/PKG pathway. homeostasis in the GI smooth muscle cells and have implications for the involvement of CSE/H 2 S system in motility disorders and modulation of this system in therapeutics.
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